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Abstract 
In a repair process chain, damaged areas or cracks can be removed by milling and subsequently be reconditioned with 
new material deposition. The use of laser metal deposition has been investigated for this purpose. The material has 
been deposited into different groove shapes, using both stainless steel and Ti-6Al-4V. The influence of welding 
parameters on the microstructure and the heat affected zone has been studied. The parameters have been modified in 
order to achieve low heat input and consequently low distortion as well as low metallurgical impact. Finally, an 
evaluation of the opportunities for an automatized repair process is made.  
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1. Motivation / State of the Art 
In recent years, the relevance of laser metal deposition as an innovative repair technology is 
continuously increasing. Laser metal deposition allows creating a metallurgical bonded material 
deposition on a substrate. The laser beam is used as heat source while a powdery filler material is injected 
into the molten pool. The current state of laser metal deposition is described in [1].  
Compared to conventional repair welding technologies like tungsten inert gas or gas metal arc welding 
[2], laser metal deposition allows material deposition with multiple advantages. Its low heat input leads to 
low distortion and low thermal damage in the base material. Furthermore, smaller dilution and a finer 
microstructure can be achieved. The stable and repeatable energy input of the laser beam grants a high 
reproducibility of the material deposition and therefore a high reliability and the opportunity to automate 
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the processes. The filler material is either fed in by wire or by a powder nozzle [3, 4]. Powdery filler 
material has higher flexibility regarding the chemical composition as well as better accessibility. The 
powder feed is included in the inert gas nozzle, allowing for directional independent powder delivery.  
Laser metal deposition has been established in several industrial applications for 12 years. It is 
typically used for hard facing or repair purposes, namely the repair of damaged surfaces. Examples are 
found in the mould and die industry. Laser metal deposition is used to repair sintered tools [5] or deposit 
vanadium-carbide tool steels for die repair [6]. The use of medium carbon steel is studied in [7]. Titanium 
alloys are used in offshore and power generation industries, as well as for casings or compressor blades in 
the aerospace sector. The use of Ti-6Al-4V in laser metal deposition is studied in [8, 9].  
However, in a repair process chain that consists of milling the damaged part and consecutive rebuilding 
by new material deposition, the use of laser metal deposition has rarely been studied. This repair process 
chain is needed for the repair of casted or welded products having intolerable defects like voids or cracks 
inside the material. The aim of this paper is to show the feasibility of laser metal deposition for re-filling 
milled grooves and therefore its feasibility for new repair applications.  
2. Experimental 
2.1. Specimen preparation 
Specimens with three different groove shapes were prepared by milling. In this case-study it was 
assumed that intolerable defects extend not deeper than 10 mm from the surface, therefore a groove depth 
of 10 mm was chosen. Acetone was used to clean the groove after milling. The specimens differ in the 
necessary volume that has to be filled and in the accessibility for the laser beam and the powder jet. The 
specimens are shown in fig. 1.  
 
 
 
 
 
 
 
 
Fig. 1.  Specimen: (a) V-groove; (b) U-groove; (c) U-groove with angled side walls 
2.2. Laser metal deposition 
The metal deposition was conducted using a TRUMPF TruDisk 2.0 kW Yb:Yag laser. Powdery filler 
material was injected in the melt pool by a 3-jet powder nozzle that was positioned with a 5-axis machine. 
Helium 5.0 was used as carrier gas for the powdery filler material. Argon 5.0 was used as shielding gas, 
creating a local inert gas atmosphere with less than 50 ppm oxygen. The materials used included stainless 
steel and the titanium alloy Ti-6Al-4V, both as base material and as filler material. Powder grain size 
between 45-125 μm has been used.  
The metal deposition was done layer by layer. Each layer is made by welding multiple adjacent tracks. 
After each layer, the powder nozzle was elevated a defined distance, in order to build a three dimensional 
deposition consecutively.  
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The welding parameters are shown in Table 1. The optical system is able to change the focal length 
and consequently the laser spot diameter on the substrate within a range of 0.6 mm to 2.2 mm. The 
maximum spot size of 2.2 mm is used to deposit big tracks, while smaller spot sizes are used for smaller 
tracks with faster cooling times. The parameters for titanium alloy have first been tested on the flat 
surface of the specimen, with a trailing inert gas nozzle in case a) and without it in case b). Then the 
parameters b) were used for rebuilding the groove in the titanium alloy.  
After visual inspection, the welding results have been analyzed by cross sections, microscopy, x-ray 
testing and hardness measurement. The powder efficiency was obtained by comparing the overall injected 
powder mass to the increase of the mass of the specimen before and after welding.  
Table 1. Welding parameters 
Welding parameters V-groove 1 V-groove 2 U-groove  a) Ti b) Ti 
Welding velocity 0.5 m/min 1.0 m/min 1.0 m/min 0.5 m/min 1.0 m/min 
Laser power 1.0 kW 1.0 kW 1.0 kW 2.0 kW 1.0 kW 
Laser spot diameter on surface 2.2 mm 2.2 mm 2.2 mm 2.2 mm 1.0 mm  
Powder mass flow 4.0 g/min 8.0 g/min 8.0 g/min 9.4 g/min 3.8 g/min 
Material CrNi-Steel CrNi-Steel CrNi-Steel Ti-6Al-4V Ti-6Al-4V 
3. Results and Discussion 
3.1. CrNi-Steel 
Cross sections of the welded specimen are shown in fig. 2. In the V-groove 1 and 2 no cracks could be 
detected in the cross section or X-ray testing (fig. 3). The V-grooves show good side-wall fusion. Due to 
the lower welding velocity, the single tracks in V-groove 1 are bigger and the overall number of tracks 
needed is lower. But due to the low welding velocity, the overall heat input is around 50 % higher. 
Therefore, a higher distortion must be expected. In order to increase the productivity, a short operation 
time is intended. In this regard the parameters used for V-groove 2 are advantageous. The high welding 
velocity of 1.0 m/min leads to a shorter operating time, even though 150 tracks are needed compared to 
118 tracks in V-groove 1.  
The cross-section of the U-shaped groove (fig. 2c) shows defects at the side-wall of the groove. 
Because of accessibility issues, the laser beam couldn't be adjusted perpendicular to the side-wall, 
resulting in irregular material deposition. Part of the powder jet was impeded by the upper lip of the 
groove, causing irregularities in the powder stream close to the groove side-walls. In this region, the safe 
deposition of powder is hindered. Wider grooves or inclined side-walls are necessary. 
 
 
 
 
 
 
 
Fig. 2.  Cross sections and X-ray testing, stainless steel, (a) v = 0.5 m/min, P = 1.0 kW; (b) v = 1.0 m/min, P = 1.0 kW;  
(c) v = 1.0 m/min, P = 1.0 kW 
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Fig. 3.  X-ray testing, stainless steel, (a) v = 0.5 m/min, P = 1.0 kW; (b) v = 1.0 m/min, P = 1.0 kW 
The x-ray testing shows no cracks (fig. 3). In V-groove 2 one void is visible. Overall, the x-ray test 
proves the good quality of the repair welding result. The powder efficiency for V-groove 1 and 2 was 
measured with 78 % and 75 %. The high efficiency is due to the used maximum laser spot size. While the 
powder jet spot size is unchangeable, a larger laser spot can cover a bigger portion of the powder spot and 
therefore melt more of the injected powder. 
3.2. Titanium alloy Ti-6Al-4V 
Besides the influences of the welding parameters on microstructure and overall heat input, for titanium 
alloys the cooling time is an important factor. Smaller tracks have faster cooling times, which leads to 
smaller grain sizes. Furthermore, faster cooling times facilitate the shielding gas coverage. Because of the 
high affinity of titanium alloys to atmospheric gases like oxygen, nitrogen and hydrogen, the demands for 
the shielding gas coverage are very high. An additional trailing inert gas nozzle might be needed in order 
to cope with these demands. But additional nozzles are difficult to use in modern repair tasks of varying 
and complex parts, because of the accessibility and different welding positions. Therefore if the deposited 
tracks cool down fast enough, the use of an additional inert gas nozzle might be avoided. Instead, the gas 
flow of the powder nozzle is enough to protect the titanium alloy from reaction with atmospheric gases.  
Fig. 4 shows the influence of the welding parameters on the track size. It is possible to use low 
welding velocity and a high laser power to get single tracks with a height of about 2 mm (fig. 4a). But due 
to slow cool down times, an additional inert gas nozzle was needed. The cross section b) shows smaller 
track sizes that were deposited with only one fourth of the energy input per unit length. No additional 
inert gas nozzle was used. Between the different layers, no heat tint was observed.  
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Cross sections and hardness measurement of titanium alloy Ti-6Al-4V; (a) v = 0.5 m/min, P = 2.0 kW;  
(b) v = 1.0 m/min, P = 1.0 kW 
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The hardness HV1 in the weld bead is averaged 408 HV1 (fig. 4a) and 401 HV1 (fig. 4b). No 
significant difference in the hardness of the weld with trailing inert gas nozzle (fig. 4a) and the weld 
without it (fig. 4b) is apparent. It can be concluded that the inert gas atmosphere was sufficient, there was 
no increased hardness due to reaction with atmospheric gases. 
Cross sections of the rebuilt grooves are shown in fig. 5. Due to varying angles and positions of the 
powder nozzle, it is not possible to use a trailing nozzle for creating an inert gas atmosphere in the groove 
base and along the side walls. Therefore the welding parameters from fig. 5 b) with a low energy input 
per unit length were used. Both grooves show good side-wall fusion. The U-groove shape with a 5° 
angled side wall was used based on the results obtained with steel and straight walls (fig. 2c). The angled 
side-wall leads to better accessibility for the powder jet. Furthermore, the deposition strategy was 
improved. In each layer, the tracks on the left and right side wall were done first; subsequently the 
material was deposited in the middle of the groove.  
The powder efficiency was measured with 72 % for both specimens. Although the used laser spot 
diameter of 1.0 mm is smaller than the diameter used with steel (2.2 mm), the powder efficiency is 
comparable. Part of the powder not molten in the process the first time is distributed in the groove base 
and molten in the weld process for the next layer. Too much residual powder in the groove base will 
affect the welding process in a negative way, but that was not an issue in the conducted experiments. 
There was no need to manually remove residual powder out of the groove base. 
 
 
 
 
 
 
 
 
 
 
Fig. 5.  Cross sections of rebuild grooves, titanium alloy, v = 1.0 m/min, P = 1.0 kW 
3.3. Automated deposition strategy 
In order to get an automated filling process, the following deposition strategy was used. It is designed 
to use constant offsets between layers and tracks: 
 Consecutive layers are always deposited in the same height difference 
 Adjacent tracks use the same overlap distance 
 Nozzle inclination for side wall fusion 
 Material deposition along the side walls first, followed by the middle of the groove 
Small deviations in the track size add up and may lead to irregularities that require manual adjustment 
of the deposition strategy. This could mean adjusting the normally fixed elevation of the powder nozzle 
for consecutive layers, or adding in additional tracks to level unevenness. Due to the good reproducibility 
of welding results in laser metal deposition, it is possible to weld multiple layers without manual 
adjustment. Based on the low variance of the welding results observed in the conducted experiments, the 
deposition strategy is appropriate for an automated repair process. 
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4. Conclusions  
This article has analyzed the feasibility of laser metal deposition for re-filling milled grooves for repair 
applications. Stainless steel and a titanium-alloy were used. Different U- or V-groove shapes were rebuilt 
without defects and good side-wall fusion, as long as the groove is wide enough for good powder jet 
accessibility. Titanium alloy could be deposited without an additional trailing inert gas nozzle, using low 
heat input leading to short cooling times. No heat tint or increased hardness was observed.  
A deposition strategy was developed that leads to the deposition of defect-free layers without manual 
adjustment. Laser metal deposition therefore shows a high potential for an automated repair process. 
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